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IMPACT CRATERS I N  ALUMINUM 
By B. P a t  Denardo, James L. Summers, 
and C .  Robert Nysmith 
Ames Research Center 
SUMMARY 
Hard aluminum (2017-Th) spheres with diameters, d, of 1/16, 1/8, 1/4, and 
1/2 inch were launched, i n  sabots, i n t o  thick t a rge t s  of hard (2024-T4) and 
s o f t  (1100-0) aluminum a t  ve loc i t i e s  up t o  28,000 f t / s e c .  
Momentum t ransfer red  t o  t h e  t a r g e t  during impact was measured by means of 
a simple b a l l i s t i c  pendulum t o  which the  t a rge t  was attached. The r a t i o  of 
t a r g e t  momentum t o  p r o j e c t i l e  momentum increased with increasing p r o j e c t i l e  
diameter, c l e a r l y  demonstrating a p ro jec t i l e - s i ze  e f f e c t .  
The e f f e c t s  of the  p r o j e c t i l e  s i z e  were determined quant i ta t ive ly  from 
the  depth, P, of t he  c r a t e r  and i t s  diameter, volume, and shape. I n  the  
hypervelocity regime, the  dimensionless penetration, P/d, varied with 
p r o j e c t i l e  diameter t o  the  1/18 power f o r  the  conditions of t h i s  experiment. 
INTRODUCTION 
Measurements of momentum t ransfer red  from p r o j e c t i l e  t o  t a r g e t  during 
impact ind ica te  there  a r e  p ro jec t i l e - s i ze  e f f e c t s  f o r  hypervelocity impacts 
(ref.  1). To deduce the  e f f e c t s  of p ro jec t i l e  s i z e  on c r a t e r  dimensions from 
momentum measurements, it was assumed tha t  t he  c r a t e r  shape and e j e c t a  veloc- 
i t y  w e r e  independent of the p r o j e c t i l e  s ize .  It was concluded that the  impact 
penetrat ion depth varied as the  19/18 power of p r o j e c t i l e  diameter. 
assumptions used t o  obtain t h i s  r e s u l t  seemed reasonable, but  it was desired 
t o  examine them experimentally, and t h a t  i s  the  motivation f o r  the  present  
inves t iga t ion .  
extended. 
The 
In  addition, t he  veloci ty  range of t h e  earlier data  was 
Thick t a r g e t s  of hard and s o f t  aluminum were impacted by hard-aluminum 
spheres of from 1/16- t o  1/2-inch diameter a t  ve loc i t i e s  up t o  28,140 f t / s e c .  
The phys ica l  dimensions of the  c ra t e r s  formed (including penetration, 
diameter, and volume) and the  momentum transferred t o  the  t a rge t  were 
measured. These measurements a r e  presented and discussed herein.  
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SYMBOLS 
diameter of c r a t e r  measured i n  plane of undisturbed surface,  i n .  
idealized c r a t e r  diameter with replaced detached l i p ,  i n .  (see t e x t )  
p ro j ec t i l e  diameter, i n .  or f t  
p ro jec t i l e  energy a t  impact, f t - l b  
i n i t i a l  mass of b a l l i s t i c  pendulum including t a rge t ,  l b  
t a rge t  mass loss due t o  crater ing,  l b  
mass of p ro jec t i l e ,  l b  
mass of e j ec t a  (AM + m ) ,  l b  
penetration [maximum depth of c r a t e r )  measured from undisturbed surface,  
(when used with a f r ac t iona l  exponent) 
i n .  
c ra te r  volume measured from undisturbed surface,  i n .  
idealized c r a t e r  volume with replaced detached l i p ,  in .3  (see sketch (a )  1 
p ro jec t i l e  volume, i n .  3 
veloci ty  of pendulum immediately a f t e r  impact, f t / s ec  
average a x i a l  e j ec t a  velocity,  f t / s e c  
veloci ty  of p ro jec t i l e  a t  impact, f t / s e c  
EXPERIMENTAL PROCEDURE 
The p ro jec t i l e s  used were 2017-T4 aluminum a l l o y  spheres with diameters 
1/16, 1/8, 1/4, and 1/2 inch. They were launched, i n  sabots, i n to  f r e e  
f l i g h t  by l ight-gas guns or standard powder-gas guns, depending upon the  
desired impact veloci ty .  
Thick t a rge t s  of two aluminum a l loys  w e r e  used: 2024-T4 with a Br ine l l  
hardness of  nominally 120 and 1100-0 with a hardness of nominally 23. Target 
thickness and width were a t  l e a s t  four times the  penetrat ion and c r a t e r  diam- 
e t e r ,  respectively.  Although no spec ia l  e f f o r t  w a s  made t o  sca le  the  t a r g e t  
s i z e  d i r ec t ly  with the  p r o j e c t i l e  s ize ,  ce r t a in  t a rge t s  did sca le  dimension- 
a l l y .  However, no differences i n  c r a t e r  measurements were noted between the  
scaled and unscaled t a rge t s .  The t a rge t s  were securely attached t o  the  f r o n t  
face of a b a l l i s t i c  pendulum for measuring t h e  momentum during impact. Since 
2 
t he  momentum varied by a f ac to r  of nearly 1500, it w a s  necessary t o  use 
pendulums of widely d i f f e ren t  s izes  i n  order t o  maintain a su f f i c i en t  degree 
of accuracy. An analysis  of a l l  parameters involved i n  the  measurement of 
momentum t r ans fe r  indicates  these measurements a r e  accurate t o  within 
2 percent.  
2.0 
E' 1.8 
\ >
5 
1.6 
.- 0- 
D 
5 1.4 
+ 
- c : 
s" 1.2 
1.0 
All c r a t e r  dimensions were measured with the  undisturbed t a rge t  face as 
the  reference plane.  
adapted d i a l  indicator .  
micrometer microscope. Four readings from edge t o  edge of each c r a t e r  were 
made, then averaged, t o  give the  diameter. Crater volumes were measured by 
t w o  methods, depending upon the smoothness o f  t he  c ra t e r .  On smooth c ra te rs ,  
a p l a s t e r  cast ing w a s  f i rs t  made of t h e  cavity.  
severa l  views (appropriately enlarged) of the cast ing were made on an op t i ca l  
comparator. Moments of i n e r t i a  of each t racing were measured with a mechan- 
i c a l  integrator ,  and the  volume was determined from the  average f o r  each 
c r a t e r .  On p i t t e d ,  rough cra te rs ,  where castings were not feas ib le ,  volumes 
were measured with a buret  using a l i qu id  composed of water and a wetting 
agent.  Both methods of measuring the  volume were used on a number of smooth 
c ra t e r s  f o r  comparison purposes. In a l l  cases, t he  maximum var ia t ion  w a s  l e s s  
than 3 percent .  
Penetration depths were measured with a spec ia l ly  
Crater diameters were measured with a Gaertner f i l a r -  
Then, p r o f i l e  t racings of 
- 
- 
- 
- 
- 
- 
The tes t  program w a s  conducted i n  two f r ee - f l i gh t  b a l l i s t i c  ranges t o  
accommodate the  various p r o j e c t i l e  s i zes .  
shadowgraph s t a t ions  f o r  accurately determining the  p r o j e c t i l e ' s  ve loc i ty  
and s t r u c t u r a l  i n t eg r i ty .  
In  both ranges, there  w e r e  spark- 
A more de ta i led  discussion of t he  data-reduction techniques can be found 
i n  reference 2. 
DISCUSSION OF RFSULTS 
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Figure 1.- Momentum imparted t o  t a r g e t  as a function 
of veloci ty  f o r  four  p r o j e c t i l e  s izes .  
Table I i s  a compilation of the 
per t inent  data of t h i s  invest igat ion.  
Momentum transferred t o  the  t a rge t  
i s  shown i n  f igure  1 as a function of 
impact ve loc i ty  f o r  hard-aluminum 
spheres impacting hard- and s o f t -  
aluminum ta rge t s .  These p l o t s  a r e  
presented i n  order t o  i l l u s t r a t e  the  
e f fec t  of p r o j e c t i l e  s i z e  on the  c ra-  
ter ing process and t o  por t ray  the  
e f fec ts  of ve loc i ty  on momentum r a t i o .  
9-? m g n i  tude of the p ro jec t i l e - s i ze  
e f fec t  w i l l  be fu r the r  defined sub- 
sequently through the  analysis  of t he  
c ra te r  parameters. The shape of the 
3 
c 
2 0  curves i n  f igure  l ( b )  i s  similar t o  
t h a t  obtained f o r  polyethylene pro jec-  
1.8 t i l e s  impacting hard-aluminum ta rge t s ,  
\ > as reported i n  reference 2. These 
cha rac t e r i s t i c  shapes revea l  severa l  
~ 16 
e 
5 14 0 f t / s e c  (drop t e s t s  a t  11 f t / s e c ) ,  
the momentum r a t i o  is simply 1 plus the  s 
E coef f ic ien t  of r e s t i t u t i o n .  A s  the  I 12 
veloci ty  of impact increases,  the  r a t i o  
I O  I diminishes, reaching a minimum value of 
I 
0 - prominent fea tures .  A t  e s s e n t i a l l y  
- 
O l 2  2o 24 28 32xd1.0, then r i s e s  systematical ly  with 
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(b) 2024-T4 aluminum t a r g e t s .  
ve loc i ty .  The ve loc i ty  corresponding 
t o  the  minimum value of momentum 
the onset of both t a rge t  mass-loss and 
pro jec t i le -s ize  e f f ec t s .  A t  t h i s  unique point  the impact i s  pseudo-inelastic 
and no ef fec ts  of p r o j e c t i l e  s i z e  a re  apparent. It i s  in t e re s t ing  t h a t  i n  
2024-T4 ta rge ts  t h i s  threshold ve loc i ty  is  3100 f t / s e c  f o r  polyethylene 
( r e f .  2 )  and 1800 f t / s e c  f o r  aluminum p r o j e c t i l e s .  One would expect t h i s  
difference s ince the onset of mass loss occurs a t  lower ve loc i t i e s  as the  
p ro jec t i l e  density increases.  In  the s o f t  110-0 t a rge t s  the threshold 
ve loc i ty  is  approximately 4000 f t / s e c  f o r  the  aluminum p r o j e c t i l e s .  
Figure 1.- Concluded. t r ans fe r ,  the  threshold veloci ty ,  marks 
The momentum t r ans fe r  during impact shows there  is a p ro jec t i l e - s i ze  
e f f e c t .  
a c r a t e r  parametric. analysis  was performed. The c r a t e r  measurements P, D, 
and U 
In order t o  determine the  extent of associated dimensional changes, 
There was an obvious difference were defined as shown i n  sketch ( a ) .  
Undisturbed target 
surface 
\ 
Ui- Shaded area 
U - Shaded area plus clear 
area 
Sketch ( a )  Typical c r a t e r  i n  2024-T4 a t  high ve loc i t i e s  
between the r e s u l t s  f o r  the hard and s o f t  t a rge t s  because the  c ra t e r s  i n  the  
hard ta rge ts  had detached l i p s  whereas those i n  the s o f t  t a rge t s  d id  not .  
It was  therefore decided t o  "replace" the  l i p  with a p l a s t e r  f i l l e r  (see 
sketch ( a ) )  and t o  analyze the  data  based upon the measurements of the 
r e su l t i ng  "idealized" c r a t e r .  
volume, and shape of the  hard t a rge t s .  O f  course, t he  s o f t  t a rge t s  were 
unaffected s ince t h e i r  l i p s  remain attached i n  t h i s  ve loc i ty  range. 
The parameters a f fec ted  were c r a t e r  diameter, 
4 
All hard-target data above a veloci ty  of 13,800 f t / s e c  were analyzed 
i n  t h e  fashion j u s t  described and a r e  shown i n  f igures  2 t o  5.l Best 
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Figure 2.- Penetrat ion as a funct ion of ve loc i ty  
squared f o r  2024-Th. 
Figure 3.- Diameter as a funct ion -of veloci ty  
squared f o r  2024-T4. 
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Figure 4.- Volume as a funct ion of ve loc i ty  squared Figure 5.- Crater shape as a funct ion of ve loc i ty  
f o r  2024-Th. f o r  2024-T4. 
~~ 
'The ve loc i ty  range covered i n  t h i s  experiment encompasses a t r a n s i t i o n  
region of impact as  wel l  a s  t he  hypervelocity region ( r e f .  3 ) .  It has been 
shown t h a t  f o r  l/3 ca l ibe r  polyethylene p r o j e c t i l e s  impacting hard-aluminum 
ta rge t s  up t o  a ve loc i ty  of 37,000 f t / sec  
Z;,>CC ft,'zce (ref . !r ), :.+:ck CcrrPqFnniis t.0 an *act Dressure of o .57 a. 
For the  mater ia ls  of the present investigation, the ve loc i ty  corresponding t o  
t h i s  pressure i s  15,900 f t / s ec ,  i f  shape e f f ec t s  a r e  ignored. 
data  ind ica te  t h a t  t h i s  ve loc i ty  w i l l  be somewhat lower, perhaps 13,800 f t / s ec ,  
f o r  spher ica l  p r o j e c t i l e s .  
the  hypervelocity regime of -act 
( i . e . ,  where P/d i s  proport ional  t o  $ 15 ) commences a t  a ve loc i ty  of 
Unpublished 
5 
f i t s  t o  the data were obtained based on t h e  f a c t  t h a t  f o r  cav i t i e s  with 
similar prof i les ,  t he  volume i s  
U i  - PDi 2 
and t h e  p ro jec t i l e  volume i s  
Thus 
but  
and s o  
Up - d3 
2 u, PD, 
up d3 
(These equations a l s o  apply t o  the  s o f t  t a rge t s ,  bu t  t he  subscr ipt  
be dropped since there  is  no l i p  detachment involved.) 
i would 
We now have a l l  the c r a t e r  parameters (penetration, diameter, volume, and 
shape) contained i n  a s ing le  equation. Best f i t s  t o  the  penetration, 
diameter, and volume data ( f i g s .  2 t o  4)  were determined based on the  
following conditions : 
(1) The exponents of both the  diameter and veloci ty  were required t o  be 
independent of scale ,  and 
( 2 )  Data sets having the  most point2 and the  most consis tent  alinement 
of points  were given the  most consideration. 
The f i t  t o  the  c r a t e r  shape a s  shown i n  f igure  5 was then derived from 
equation ( h ) .  
6 
It is in t e re s t ing  t h a t  the l i p  detachment is  a function of the p r o j e c t i l e  
diameter. The r a t i o s  of the actual-to-idealized diameter and volume a r e  
p lo t ted  versus p r o j e c t i l e  diameter i n  
figure 6 .  These points  represent t he  
average of a l l  values a t  ve loc i t i e s  
there is  no l i p  detachment f o r  projec-  
coincidental  t h a t  a l / l6- inch pro jec  - 
t i l e  diameter w a s  the smallest  chosen 
for  t h i s  experiment. An examination 
t i c a l l y  a l l  the l i p  i s  attached f o r  
the 1/16-inch data, but  detached f o r  
sj; D above 13,800 f t / s e c .  It appears t h a t  
I D U  E, t i l e  diameters below 1/16 inch. It i s  
U 
I O  '[ Average volues for v 2 13,800 f t /sec D I '  UI qz'(See table I) 
I I I I I 6 of individual  c r a t e r s  shows t h a t  prac- .I .2 3 .4 .5 
Projectile diameter, d, in. 
Figure 6.- Ideal ized dlameter and volume var iat ions 
0 with p r o j e c t i l e  diameter for 2 0 2 b T 4  t a r g e t s .  the 1/2-inch data .  
i The so f t - t a rge t  data were analyzed in  the same manner a s  the hard-target 
da ta .  Crater parameter p l o t s  a r e  shown in  f igures  7 t o  10. 
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Figure 9.- Volume as a function of velocity squared Figure 10.- Crater shape as a function of velocity 
for 1100-0. for 1100-0. 
Equations defining each crater parameter for both hard- and soft-aluminum 
targets are given below for the hypervelocity regime. 
2024-T4 aluminum targets: 
(6) -2 0.0755 0.555 V Di d - = 2.27OXlO d 
1100-0 aluminum targets : 
0,0145 -0.063 1.097 d V E =  
In  f igure  11, the  average values for  t he  c r a t e r  parameters above a 
ve loc i ty  of 13,800 f t / sec ,  normalized fo r  ve loc i ty  by applying the  ve loc i ty  
exponents j u s t  determined, have been plot ted against  p r o j e c t i l e  diameter. 
These p l o t s  enable one t o  assess  the  accuracy of the  f i t s  applied t o  the  data 
and t o  comprehend b e t t e r  t he  e f f ec t  of p ro jec t i l e  s i z e  on crater ing.  The 
s o l i d  l i n e s  represent the  s i z e  e f f ec t  i n  equations ( 5 )  through (12).  In  
f igure  l l ( a ) ,  the  f i t s  a r e  adequate except f o r  the  volume r a t i o  f o r  the  
m Uiameter -1 -  -1.8- - 
f l I I I I I  
-2.5 - 
-2.6- p Penetration a- 6 - 
-2.7L I I I I I I  
c 
k- -6.1 - 
-6.2- 
Lw d 
( a )  2024-Tk aluminum t a r g e t s .  
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I-I > (Ref. 5) 
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-3 -2 -I 0 
Log d 
(b) 1100-0 aluminum t a r g e t s .  
Figure 11. - Crater  parameters a s  func t ions  of p r o j e c t i l e  diameter a t  v e l o c i t i e s  above 13,800 f t / s e c .  
1/2-inch-diameter p ro jec t i l e s .  
t o  be low. 
l i p s ;  therefore,  t he  volume, U i ,  would be low, and hence, the  r a t io ,  V i / % ,  
would a l s o  be l o w .  
orders of magnitude t o  accommodate the  da ta  of S l a t t e r y  and Fri ichtenicht  
(ref.  5 ) .  
ing soft-aluminum ta rge t s .  
data  i n  the  ve loc i ty  range of i n t e r e s t  here, from 13,800 t o  28,140 f t / s e c .  
The points  a r e  p lo t ted  a t  the  average diameter of t h e  spheres used i n  t h e i r  
experiment. A s  can be seen, agreement i n  t h e  penetrat ion r a t i o  i s  excel lent .  
It is reasonable and necessary f o r  t h i s  point  
No e f f o r t  was made t o  duplicate surface p i t t i n g  i n  the  p l a s t e r  
I n  f igure l l ( b ) ,  the diameter sca le  has been extended four 
These data were obtained with micron-size aluminum spheres impact- 
The c r a t e r  dimensions measured were penetrat ion 
7 - L  ----------4- 4-Ln ~ ~ r a n o m o  cf +hpi-p depth and diameter. Fne points  on ;le p u b  L C ~ ~ ~ ~ ~ ~ ~ ~  ulr - v u A - D -  ---_ -_ 
h 
The penetration f o r  both t a r g e t  materials i s  compared i n  f igure  12.  For 
t h e  conditions of t h i s  experiment, a t  ve loc i t i e s  above about 15,000 f t / s e c ,  
, O I L  I I I I I.1 I I I  I I I I I 1 1 1 1  
IO 100 x lo3 
Velocity. v, f i /sec 
Figure 12.- Correlated penetrat ion versm impact 
ve loc i ty .  
t h e  penetration, P/d, var ies  with the  
p r o j e c t i l e  diameter t o  the  1/18 power 
and with the  impact ve loc i ty  t o  t h e  
2/3 power f o r  2024-T4 and 0.473 power 
f o r  1100-0. The s c a t t e r  i n  the  
2024-T4 data  between 4,000 and 
10,000 f t / s e c  i s  due t o  marked p i t t i n g  
of the  c r a t e r  bottom i n  t h i s  ve loc i ty  
range, a cha rac t e r i s t i c  of hard 
t a rge t s  ( r e f .  2 ) .  The bend i n  the  
2024-T4 curve between 10,000 and 
15,000 f t / s e c  lends credence t o  the  
supposition t h a t  t he  hypervelocity 
regime commences a t  13,800 f t / s e c .  
It i s  evident t h a t  t he  assump- 
t ions  used e a r l i e r  ( r e f .  1) ( i . e . ,  t h e  
c r a t e r  shape, P/D, and the  e j ec t a  
veloci ty ,  Ve, must be independent of 
the  p r o j e c t i l e  s i z e )  t o  obtain the  
s i z e  e f f e c t  from momentum data  were 
not prec ise ly  va l id .  Although they 
seemed reasonable, c loser  examina- 
t i o n  shows a s i ze  e f f e c t  i n  the  c r a t e r  
shape parameter P/D derived from 
measurements of c r a t e r  depth, diameter, 
and volume ( f i g s .  5 and 10 ) .  The data  
show t h a t  t he  two parameters, pene- 
t r a t i o n  and diameter, a r e  a f fec ted  
d i f f e ren t ly  f o r  changes i n  p r o j e c t i l e  
diameter. 
The average a x i a l  component of e jec ta  veloci ty ,  Ve, may be determined 
from the  conservation of momentum 
or 
MV - mv 
Me 
ve = 
It was found. t ha t  Ve contained a large amount of s c a t t e r ,  as did Me; how- 
ever, when the two a re  combined i n  MeVe, smoothing takes place.  Nevertheless, 
a s i z e  e f f ec t  can de f in i t e ly  be noted i n  Ve; bu t  t he  s c a t t e r  cannot be w e l l  
enough defined t o  assess the  s i z e  e f f e c t  accurately.  
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. 
CONCLUDING FUWARKS 
The e f f e c t s  of p r o j e c t i l e  s i z e  on cratering are s m a l l  bu t  de f in i t e ly  not 
ins igni f icant .  As  a matter of fac t ,  an estimate of penetrat ion damage of a 
micron-sized p a r t i c l e ,  based on laboratory experiments with 1/2-inch-diameter 
p r o j e c t i l e s ,  would be almost 70 percent too la rge  if s i ze  e f fec ts  were d i s -  
regarded. This r e s u l t  i s  corroborated by S l a t t e r y  and Fri ichtenicht  ( r e f .  5 )  
f o r  s o f t  -aluminum ta rge t s .  The agreement between macro- and microparticle 
penetrat ion,  with allowance f o r  s i z e  effects  described herein, up t o  veloc- 
i t i e s  of 28,000 f t / s ec  i s  remarkable. In view of t h i s  very recent work by 
S l a t t e r y  and Fri ichtenicht ,  t he  1/18-power l a w  f o r  scal ing penetration has 
been experimentally extended over a diameter range of four orders of 
magnitude, o r  a m a s s  range of twelve orders of magnitude. 
The accepted var ia t ion  of penetration with ve loc i ty  i n  the  hypervelocity 
regime( P/d 
For t h e  1100-0 ta rge ts ,  t h i s  exponent drops t o  less than 1/2. It i s  reason- 
ab le  t o  expect t h a t  both these values w i l l  diminish with increasing ve loc i ty  
as more of t he  energy goes in to  heating and vaporization of target .mater ia1.  
i s  a function of g’3) f o r  2024-T4 t a rge t s  i s  substant ia ted.  
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.221 
,191 
.251 
,245 
,265 
,256 
,271 
,275 
,191 
- 
ui > 
1n.3 - 
,220 
,397 
,733 
,146 
,128 
,201 
.250 
,0195 
,0142 
,0144 
,0156 
,0205 
,0136 
,0391 
,0339 
,0451 
,0349 
.0p1 
.M3Y 
,0279 
.00175 
,00163 
.00223 
,00264 
m156 
,00330 
,03386 
.00408 
.W%3 
.03460 
.cob% 
.m16 
'NOTE: Targets too heavy for accurate detemlnstion of CM. 
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